Introduction
Heart failure is a crippling disease caused by reduced ability of the heart to pump sufficient blood to meet the metabolic demands of the body.
Cardiac output is dependent on both ventricular contractile force during systole, and ventricular filling during diastole. In approximately 50% of heart failure patients, systolic function is near normal, while impaired diastolic function restricts filling of the left ventricle with blood. 1 
condition is termed heart failure with preserved ejection fraction (HFpEF), and represents a distinct entity from heart failure with reduced ejection fraction (HFrEF) where ventricular dilation and contractile dysfunction are central features. HFpEF is characterized by a variety of comorbidities and haemodynamic alterations, but concentric hypertrophy of the left ventricle appears to be a common feature. 2 Concentric hypertrophy may be driven by neurohumoral activation, increased mechanical load, or cytokines associated with other co-morbidities. 2 The increase in left ventricular mass/volume ratio allows systolic function to be maintained, but yields a substrate for diastolic dysfunction which eventually may lead to HFpEF. 3 Determining the mechanistic link between concentric hypertrophy and diastolic dysfunction is therefore critical for the understanding of HFpEF pathophysiology.
Conceptually, there are two properties of the left ventricle that regulate diastolic filling. The first is passive stiffness which is dependent on properties of cellular and extracellular structural proteins. 1 From previous studies it is known that myocardial passive stiffness is increased in the hypertrophied heart due to deposition of extracellular collagen (fibrosis). 4 However, accumulating evidence indicates that elevated passive stiffness can also be traced to alterations in the giant cytoskeletal protein titin. Phosphorylation of titin by protein kinase A (PKA), protein kinase G (PKG), Ca 2þ /calmodulin-dependent kinase II (CaMKII), and extracellular signal-regulated kinase 2 (ERK2) reduce its stiffness, while stiffness is increased by protein kinase C (PKC) phosphorylation. 5 Elevated passive stiffness of cardiomyocytes is reported to be especially evident in patients with HFpEF, and also in patients with aortic stenosis and diabetes mellitus. 6 However, the precise array of changes in titin posttranslational modifications in these conditions is unclear, as is their overall contribution to diastolic dysfunction.
The second property which regulates diastolic ventricular filling is active relaxation, determined by the energy-dependent removal of Ca 2þ from the cytosol. Ca 2þ removal enables detachment of myosin crossbridges during diastole, and is orchestrated by the sarcoplasmic reticulum (SR) Ca 2þ -ATPase 2 (SERCA2), which recycles Ca 2þ into the SR, and the Na þ /Ca 2þ -exchanger (NCX) which extrudes Ca 2þ from the cell. 7 Disrupted cardiomyocyte Ca 2þ homeostasis involving pathologic alterations in SERCA2 and NCX activity is a key mechanism of systolic dysfunction in HFrEF, currently being targeted in emerging heart failure therapies. 8 Reduced SERCA2 and/or NCX activity also have the potential to slow relaxation and cause diastolic dysfunction, but it remains to be established whether such alterations in cardiomyocyte Ca 2þ handling contribute to diastolic dysfunction in concentric hypertrophy where systolic function is preserved. An early study conducted by Selby and colleagues revealed that in patients with hypertrophy associated with hypertension and coronary artery disease, diastolic dysfunction was associated with higher Ca 2þ load at high heart rates and a substantial active resting tone. 9 Moreover, recent data from a rat HFpEF model, where hypertrophy was induced by chronic kidney disease, demonstrated that in vivo relaxation abnormalities were associated with slower Ca 2þ removal and impaired NCX function. 10 While these findings suggest that abnormal diastolic Ca 2þ handling may be important for diastolic dysfunction in concentric hypertrophy, it is unclear whether such changes are specific to the underlying aetiologies in these studies, or indicative of concentric hypertrophy itself. The main objective of our study was therefore to determine whether alterations in diastolic Ca 2þ handling contribute to diastolic dysfunction in concentric hypertrophy following pressure-overload, while comparing and dissecting changes in passive myocardial stiffness. Our results show that diastolic Ca 2þ homeostasis is in fact compensated in these hearts, which acts to partially counteract passive myocardial stiffness resulting from collagen deposition and altered titin phosphorylation status.
Methods
An expanded methods section is available in the online supplement
Animal model
All experiments were approved by the Norwegian Animal Research Authority (FDU application 3820 and 7737) and performed in accordance with the Norwegian Animal Welfare Act and NIH Guidelines (NIH publication No. 85-23, revised 2011). Aortic banding (AB) was performed in isoflurane-anaesthetized male Wistar rats (mask ventilated with a mixture of 2.5% isoflurane, 97.5% oxygen), and sham-operated rats served as controls. Six weeks following surgery, echocardiography was performed to characterize in vivo cardiac function. Criterion for inclusion in the AB group was posterior wall thickening (>1.9 mm), while rats with signs of eccentric remodelling (left atrial diameter > 5.0 mm and left ventricular dilation) were excluded. To further characterize cardiac function in vivo, a cohort of rats underwent examination with magnetic resonance imaging (MRI). 11, 12 After in vivo cardiac assessment, hearts were rapidly excised from sedated animals, immediately immersed in ice-cold saline, weighed, and used for further experiments.
Muscle strip experiments
In Langendorff-perfused hearts, muscle strips (1-1.5 mm diameter) were excised from the endocardium of the free wall and septum of left ventricle by careful dissection along the fibre direction.
Isometric force development: Left ventricular strips were mounted between metal clips in an organ bath and superfused with a Tyrode solution at 37 C, continuously bubbled with O 2 (95%) and CO 2 (5%). Strips were field stimulated at 0.5 Hz, and stretched until maximum force development. The magnitude of force development, time to peak force, and time to 50% relaxation were then recorded at 0.5, 1, 2, 4, and 6 Hz stimulation.
Isotonic contractions: In order to approximate in vivo conditions, a subset of strips was used for isotonic recordings. Afterload was reduced to 30% of maximal force development and shortening recorded at 1 Hz stimulation. At the completion of this protocol, strips were snap frozen in liquid nitrogen and later used for passive tension measurements.
Passive tension: For measurements of passive tension, snap frozen muscle strips were gently defrosted in ice-cold relaxing solution, skinned, and mounted between metal clips at room temperature. 13 Slack length (L 0 ) was defined as the maximum length where force was zero. Strips were stretched in six consecutive steps from L 0 until 1.3 L 0 , tension was calculated by dividing force by cross-sectional area, and elastic and viscous stress were determined. Finally, the relative contributions of collagen and titin to myocardial stiffness were calculated by eliminating the titin contribution to elastic tension by KCl/KI extraction.
Ca 2þ sensitivity measurements: Fresh muscle strips were skinned in relaxing solution, mounted between metal clips, and attached to a force transducer. Ca 2þ sensitivity of the contractile apparatus (pCa 50 ) was determined by progressively increasing the Ca 2þ concentration while recording force at 1.2 L 0 .
Single cell experiments
For single cell experiments, left ventricular cardiomyocytes were isolated using the collagenase perfusion method described previously. 14 For measurements of single cell contractions and whole-cell Ca 2þ transients, the cardiomyocytes were plated on laminin-coated coverslips on the stage of an inverted microscope and superfused with Hepes Tyrode's solution at 37 C.
Single cell contractions: Contractions were elicited by field stimulation, and cell length was recorded by video edge detection during stimulation at 0.5, 1, 2, 4, and 6 Hz.
Ca 2þ transient measurements: Using the same stimulation protocol, Ca 2þ transients were recorded in cardiomyocytes preincubated with 10 mM fluo 4-AM (Invitrogen, Oslo, Norway). 14 SR Ca 2þ content was assessed by rapidly applying 10 mM caffeine, and constants for sarcolemmal Ca 2þ extrusion and SR Ca 2þ reuptake calculated. 15 Resting diastolic [Ca 2þ ] i , was determined in cells incubated with 10 mM Indo-1 AM (Invitrogen, Oslo, Norway), and these values were employed to calibrate fluo-4 Ca 2þ transients as described. 16 Patch clamp: For analysis of L-type Ca 2þ currents, we employed the whole-cell voltage clamp technique, with discontinuous voltage clamp (8-10 kHz switching) and 1-2 MX glass pipettes. 15 I CaL was elicited by 210-ms depolarising voltage steps from -40 to þ50 mV in 10-mV increments. Action potentials were recorded in patch-clamped cells, and a 3 ms supra-threshold current injection was used to elicit action potentials at 1 Hz.
Sarcomere lengths: Sarcomere lengths were measured in resting cardiomyocytes stained with di-8-ANEPPS (10 mM, Molecular Probes, Eugene, OR) using an LSM 510 confocal scanning microscope (Zeiss).
Protein assays
Western blotting: Primary antibodies for immunoblotting were: SERCA2 (1:2500) (MA3-919, Thermo Scientific), NCX (1:500), 17 phospholamban (1:5000) (MA3-922, Thermo Scientific), phospholamban Ser16 (1:5000) (A010-12,Badrilla, Leeds, UK), phospholamban Thr17 (1:5000) (A010-13, Badrilla), CaV1.2 (1:500) (ACC-003, Almone Labs, Jerusalem, Israel) and GAPDH (1:500) (sc-20357, Santa Cruz Biotechnology Inc., Texas, USA). Secondary antibodies were anti-rabbit or anti-mouse IgG HRP linked whole antibody (GE Healthcare, Oslo, Norway). The data were normalized to sham (=100%).
Titin phosphorylation assays: 1.8% SDS-PAGE followed by Western blot was performed to measure expression and site-specific phosphorylation of titin. 18, 19 Phosphoserine/phosphothreonine-specific titin antibodies were used for total titin phosphorylation. The following affinity-purified phosphosite-specific anti-titin antibodies were used: Anti-phospho-N2Bus-titin (S3991, S4043, and S4080 in mouse titin), and anti-phospho-PEVK-domain (S12742 and S12884). 18 All phospho-signals were normalized to PVDF stains and the data were normalized to sham (=100%).
PCR assays: We quantified the gene expression levels of collagen and myosin heavy chain isoforms by digital droplet PCR (ddPCR), allowing the absolute mRNA quantity of collagen type I and type III, and myosin heavy chain 6 and 7, to be determined. Data were normalized to ribosomal protein L32.
Collagen histology: Fresh cardiac tissue was immediately fixed in 4% formalin. Collagen volume fraction in Masson trichrome stained crosssections of the left ventricle was quantified by computerized image analyses as previously described in detail. 20 
Statistics
All results are expressed as mean values ± standard error of the mean. Statistical significance was calculated by Student's t-test in unpaired animal data, while a nested ANOVA test was employed for muscle strip and single cell data. Two-way repeated-measurement (RM) ANOVA analysis with a post-hoc Bonferroni t-test was additionally used where appropriate, as indicated in the figure legends. Statistical significance was defined as P < 0.05.
Results

In vivo diastolic dysfunction following aortic banding
In vivo cardiac geometry and function for aortic banding (AB) and sham hearts were assessed by MRI and echocardiography ( Figure 1 and Table 1 ). AB resulted in concentric hypertrophy, indicated by increased left ventricular mass and wall thickness, and reduced left ventricular enddiastolic volume. Impaired diastolic function was demonstrated by reduced peak early diastolic tissue velocities (e'), as measured by echocardiography, and by higher E/e' values measured by MRI. Fractional shortening and ejection fraction were unaltered, indicating preserved systolic function in the AB group. A modest increase in left atrial diameter was observed in AB, as well as a modestly higher lung weight. Since systolic function was preserved, these latter changes may be attributed to elevated filling pressures secondary to diastolic dysfunction.
Modest slowing of relaxation in AB myocardial strips
Basic mechanical properties of left ventricular muscle strips isolated from sham and AB hearts are presented in Figure 2 . Consistent with the observation of preserved systolic function in vivo, the magnitude of isometric force generation was also unchanged in AB (Figure 2A and B) . A negative force-frequency response was observed in both sham and AB, in agreement with previous studies conducted at 37 0 C. 21 In comparison with sham, the kinetics of contraction and relaxation were slower in AB muscle strips, with observed reductions in time to peak force generation ( Figure 2C ) and time to 50% relaxation ( Figure 2D) . Similar deficits of contraction and relaxation kinetics were observed in AB muscle strips stimulated isotonically ( Figure 2E -G). As commonly reported in left ventricular hypertrophy, an a to b isoform shift in myosin heavy chain expression was observed (see Supplementary material online, Figure  S3D ). These data support the premise that diastolic dysfunction after AB is linked to intrinsic alterations in myocardial mechanics.
Increased myocardial passive tension in AB -role of collagen and titin
Passive stress of the myocardium was assessed by recording tension during progressive stretch. Passive myocardial tension was higher in myocardial strips from AB rats, evidenced by both steeper passive length-tension relationships, and increased tissue viscosity ( Figure 3A-C) . Passive tension of the myocardium is dependent on both cardiomyocyte titin properties and extracellular collagen. While total titin phosphorylation was unaltered in AB compared to sham ( Figure 4A) , we observed alterations at specific, conserved phosphosites in the N2Bus and PEVK domains. The PKA/ERK2-dependent S3991 and PKG-dependent S4080 sites on the N2Bus were hypophosphorylated in AB, whereas the CaMKII phosphosite S4043 was unaltered. Within the PEVK region, the
PKC/CaMKII S12884 phosphosite was hypophosphorylated, although a tendency towards increased phosphorylation at the PKC S12742 phosphosite was observed (P = 0.1). Overall, these modifications are consistent with higher titin stiffness in AB than in sham, particularly within the N2Bus. 5 Indeed, KCl/KI extraction experiments identified a markedly increased contribution of cytoskeletal stiffness to overall passive tension in AB hearts ( Figure 3D) .
Levels of collagen type I and type III mRNA were increased following AB, suggesting marked extracellular fibrosis ( Figure 4C) . This finding was supported by histologic examination of left ventricular sections, which revealed collagen deposition to be significantly higher in the extracellular matrix of AB hearts ( Figure 4B and D).
Enhanced relaxation in single cells after AB
To investigate mechanical properties at the cellular level, in the absence of the influence of the extracellular matrix, we measured single cell contractions for a range of stimulation frequencies. As these cells were unloaded, higher titin stiffness is not anticipated to impair relaxation; rather a stiffened titin protein can augment recoil at short sarcomere lengths. 22 The magnitude of contraction was unaltered in AB at all pacing frequencies, consistent with normal systolic function ( Figure 5A and B) . Contraction and relaxation in single cardiomyocytes were significantly accelerated in AB compared to sham ( Figure 5C and D) . AB cardiomyocytes also exhibited less diastolic contracture with increasing pacing frequencies, and resting diastolic sarcomere lengths tended to be longer (sham 1.786 ± 0.027 mm vs. AB 1.836 ± 0.013 mm, P = 0.06). Such changes in cardiomyocyte relaxation would be expected to be compensatory during all phases of diastole, as accelerated rate and increased extent of relaxation aids filling throughout early and late diastole. 7 
Enhanced diastolic Ca 21 cycling after AB
To determine the mechanisms underlying enhanced relaxation in isolated AB cardiomyocytes, Ca 2þ handling was examined by whole-cell Ca 2þ fluorescence, and patch clamp. Ca 2þ transient magnitude was reduced in AB at higher stimulation frequencies ( Figure 6A and B) . In agreement with improved cellular relaxation, diastolic Ca 2þ handling was markedly enhanced in AB cardiomyocytes, as evidenced by faster decline of the Ca 2þ transient across a range of pacing frequencies (0.5-6 Hz, Figure 6A and D) . Furthermore, resting [Ca 2þ ] i was lower and there was less accumulation of diastolic Ca 2þ at high pacing frequencies in AB ( Figure 6E) . Function of the two main systems for cytosolic Ca 2þ removal, NCX and SERCA2, was assessed by rapid caffeine application ( Figure 7A) . Rate constants of both SR Ca 2þ recycling and sarcolemmal Ca 2þ extrusion were higher in AB ( Figure 7C and D) , indicating enhanced SERCA2 and NCX activity, respectively. Increased Ca 2þ cycling by these proteins did not result from alterations in protein levels, as indicated by Western blots of SERCA2a, phospholamban, and NCX (see Supplementary material online, Figure S2 ). NCX competes with SERCA2 for the same pool of cytosolic Ca 2þ , and consistent with enhanced NCX function the SR Ca 2þ content was reduced in AB ( Figure 7B) . While diminished SR content is expected to dramatically reduce Ca 2þ transient magnitude, such effects were partly offset by augmentation of L-type Ca 2þ current ( Figure 7E and F) , and prolongation of the action potential ( Figure 7G and H) , which are expected to enhance SR Ca 2þ release.
Discussion
In this study, we present insights into the contribution of active relaxation and passive stiffness to diastolic dysfunction in the concentrically hypertrophied heart with preserved systolic function. Aortic banding (AB) in rats induced concentric hypertrophy and diastolic dysfunction in vivo, which was associated with slowing of relaxation in left ventricular muscle strips ex vivo compared to sham-operated controls. In contrast, relaxation in individual cardiomyocytes was enhanced. Accelerated Ca 2þ removal during diastole, mediated by enhanced NCX and SERCA2 activity, appeared to be key to this compensatory response. Thus, diastolic dysfunction following concentric hypertrophy was not a result of altered diastolic Ca 2þ homeostasis, but rather due to higher myocardial passive stiffness.
The results of this study contribute to ongoing efforts to unravel the causal link between concentric hypertrophy and diastolic dysfunction. Concentric hypertrophy, as defined by a decrease in the ventricular volume/mass ratio, is commonly observed following elevated left ventricular afterload. This remodelling process allows systolic function to be maintained, but yields a substrate for diastolic dysfunction. 3 In line with this, our rat model of pressure-overload is associated with the development of concentric hypertrophy accompanied by slowing of early diastolic lengthening (e') and elevated filling pressures, but preserved systolic function in vivo. Thus, we feel confident that we have employed a robust model of diastolic dysfunction. Interest in models of diastolic dysfunction has increased in recent years due to growing awareness of the prevalence of HFpEF. However, acceptable animal models of HFpEF have proved difficult to establish as they often poorly reflect the diversity in aetiologies and various co-morbidities associated with human HFpEF.
Indeed, our AB model should be regarded as a model of diastolic dysfunction and not HFpEF. However, among the complexity of human HFpEF pathophysiology, concentric hypertrophy of the left ventricle appears to be a common and important feature, and aortic stenosis may be a trigger for HFpEF in a subset of patients. 23 Thus, identifying the driving mechanisms of diastolic dysfunction in concentric hypertrophy models will have implications for understanding HFpEF pathophysiology, and future work should be aimed at unravelling the time course of how this dysfunction unfolds. 
Active mechanisms of diastolic dysfunction
Cardiomyocyte contraction and active relaxation are dependent on cellular Ca 2þ homeostasis. Disrupted Ca 2þ handling is a main mechanism of contractile dysfunction in HFrEF, and also contributes to diastolic dysfunction in this condition. 7, 8 While HFrEF is associated with eccentric remodelling of the left ventricle, Selby et al. 9 indicated that abnormalities in active Ca 2þ -dependent relaxation also contributed to diastolic dysfunction in human hypertrophied hearts with preserved systolic function. Specifically, they observed elevated resting muscle tension despite normal myofilament Ca 2þ sensitivity, which was present even in the absence of electrical stimulation. Such effects are consistent with impaired Ca 2þ extrusion by NCX, since NCX activity alone sets resting Ca 2þ levels in unstimulated cells. 7 Similarly, a recent study in a nephrectomized rat model of HFpEF demonstrated slowed cardiomyocyte relaxation associated with reduced NCX-mediated Ca 2þ removal. 10 In contrast, our present results show that pressure-overload induced concentric hypertrophy in the absence of other comorbidities is associated with improved cardiomyocyte relaxation and augmented Ca 2þ extrusion by both NCX and SERCA2. NCX is a key determinant of resting diastolic Ca 2þ levels, 7 and enhanced NCX activity in AB cardiomyocytes is in keeping with lower diastolic [Ca 2þ ] i and longer resting sarcomere lengths. Lower diastolic [Ca 2þ ] i reduces active diastolic tone even during resting conditions, 24 and this effect is augmented at higher pacing frequencies when diastolic [Ca 2þ ] i rises. A compensatory role of enhanced NCX function has indeed been demonstrated in HFrEF patients where greater NCX activity rescued diastolic function. 25 While NCX is expected to contribute to lower resting [Ca 2þ ] i in AB, enhanced rates of Ca 2þ transient decline, with accelerated cardiomyocyte relaxation, are likely predominantly due to augmented SERCA2 activity. 7 Therefore, enhanced NCX function in AB together with augmented SERCA2 activity can be viewed as compensatory responses which oppose restrictions on diastolic function due to passive stiffening of the myocardium. It appears then that pressure-overload induced concentric hypertrophy is not in and of itself linked to disrupted diastolic Ca 2þ homeostasis, which contrasts with previous hypertrophy results in multi-morbid patients 9 and chronic kidney disease in rats with HFpEF. 10 This view emphasises the importance of a phenotype-specific approach to diastolic dysfunction, and supports the new HFpEF paradigm proposed by Paulus et al., 26 in which extracardiac co-morbidities and systemic inflammation, rather 
than direct cardiac insults, are proposed to drive the progression of HFpEF.
Augmentation of NCX activity in AB was observed despite maintained protein levels (see Supplementary material online, Figure S2) . Augmented NCX-mediated Ca 2þ extrusion in AB may therefore result from alterations in local cytosolic Na þ or Ca 2þ levels, 27 altered NCX cleavage, 28 or reduced inhibition from phospholemman. 29 Such mechanisms have not been presently investigated. Similarly, augmented SERCA2 activity in AB was not explained by expression levels of SERCA2, phospholamban, or phospholamban phosphorylation status (see Supplementary material online, Figure S2) . Additional SERCA2 regulatory mechanisms not presently investigated include direct regulation by PDE3A and DWORF. 30, 31 Beyond compensations in diastolic Ca 2þ homeostasis, we additionally observed an intriguing combination of cellular-level alterations which maintained systolic function. NCX competes with SERCA2 for the same pool of cytosolic Ca 2þ , and in conditions such as HFrEF enhanced NCX function has often been reported to occur at the expense of contractile function due to depletion of cellular Ca 2þ stores. 27 However, higher NCX activity was largely opposed by enhanced SERCA2 function in AB cells, which limited reduction in SR content. Reduced SR Ca 2þ release is known to attenuate the inactivation of L-type Ca 2þ channels, and the resulting increases in baseline L-type Ca 2þ current and action potential duration observed in AB cardiomyocytes are expected to augment triggered Ca 2þ release. 32, 33 Previously reported reductions in repolarising K þ currents following pressure-overload 34 may additionally contribute to action potential prolongation. Despite the longer action potential, the overall magnitude of the Ca 2þ transient still remained somewhat smaller in AB at high stimulation frequencies. However, single cardiomyocyte contraction magnitude was preserved, suggesting that the sensitivity of 
the myofilaments to Ca 2þ may be increased in AB. Although force-Ca 2þ relationships recorded in permeabilized muscle were similar in sham and AB (see Supplementary material online, Figure S3 ), we cannot exclude that the permeabilization process and/or lack of electrical stimulation in these experiments precluded critical myofilament post-translational modifications present in intact cells. For example, CaMKII is activated at higher pacing rates, and known to increase myofilament sensitivity by phosphorylation of myosin binding protein C. 35 What causes compensatory alterations in cardiomyocyte Ca 2þ homeostasis during some conditions, as in the present AB model, but detrimental changes in other conditions such as HFrEF? 8, 27 In an effort to identify the specific triggers, we recently investigated the role of ventricular wall stress in regulating cardiomyocyte structure and function. 36 We found that elevated wall stress and high preload trigger disruption of cardiomyocyte t-tubules and systolic Ca 2þ release in post-infarction hearts.
Concentric hypertrophy on the other hand, acts to reduce wall stress according to LaPlace's law. Thus, we believe that while volume overload and dilation of the left ventricle leads to cardiomyocyte dysfunction via increased wall stress, elevated afterload leads to wall thickening, maintained wall stress, and adaptive remodelling of Ca 2þ homeostasis. Besides mechanosensing, neurohumoral activation is also known to trigger remodelling, and differences in renin-angiotensin-aldosterone signalling and/or sympathetic signalling may additionally contribute to different remodelling. 2 
Passive mechanisms of diastolic dysfunction
The supra-normal relaxation observed in isolated AB myocytes strongly suggests that passive mechanisms were responsible for the impaired diastolic function present in AB hearts. Indeed, consistent with previous studies, we observed higher myocardial passive tension in muscles isolated from hypertrophied hearts. 4 Myocardial stiffness describes the extent to which the tissue develops tension and resists deformation in response to stretch, and is dependent on both the length of stretch (passive elastic tension) and the rate of stretch (viscosity). Whether myocardial stiffening results from increased deposition of extracellular collagen or alterations in cellular titin stiffness has been a conflicting point in previous studies. 37, 38 In the AB model, we found cardiomyocyte titin phosphorylation to be altered in a manner known to increase cardiomyocyte passive tension, with hypophosphorylation of specific PKA/ERK2 and PKG phosphosites within the N2Bus (S3991 and S4080, respectively). 5, 18, 19, 39 This finding is consistent with previous results in models and patients with HFpEF or aortic stenosis, in which ex vivo PKA or PKG treatment corrected the pathologically elevated cardiomyocyte stiffness. 6, 40 Phosphorylation changes within the PEVK region were less clearly pathological, as the PKC/CaMKII S12884 phosphosite was hypophosphorylated which has been suggested to reduce stiffness. 5 Such effects on PEVK stiffness could be diminished by a tendency towards increased phosphorylation at the PKC S12742 phosphosite (P = 0.1) in AB. We did not specifically examine titin isoform expression. However, an isoform switch is expected to have minor effects on cardiomyocyte stiffness in rat, as the stiff isoform N2B already constitutes more than 90% of titin expression in the rodent heart. 37 In addition to altered titin phosphorylation, we observed significant fibrosis of the extracellular matrix in the hypertrophied heart. This included a marked increase in expression of collagen I and III isoforms, which are the major extracellular matrix components that determine elastic and viscous stiffness. 41 Increased deposition of extracellular collagen in our model is in line with previous studies on pressure-overload and expected to elevate passive myocardial stiffness. 6, 13, 41 However, our salt extraction experiments revealed that the passive tension remaining after myofilament disruption was similar in sham and AB. It should be noted that although it has previously been shown that the KCl/KI extraction protocol has minor effects on cardiac collagen, 42 we suspect that the method disrupts muscle structure, leading to underestimation of the collagen-contribution to overall stiffness. Thus, we surmise that collagen deposition is likely consequential, but that titin stiffening appeared to be the predominant contributor to increased passive tension in AB.
Others have similarly previously suggested that titin is a greater contributor to myocardial stiffness than collagen within physiologic sarcomere lengths. 43 As we examined properties of diastolic function at several levels, an interpretation of the many steps is mandated. In vivo diastolic dysfunction was primarily evidenced by reduced peak early diastolic tissue velocities and elevated E/e'. Peak early diastolic tissue velocities reflect active relaxation but also so-called restoring force and lengthening load, 44 whereas E/e' is a parameter of filling pressure. Active relaxation and passive stiffness were not directly assessed in vivo, but were instead measured in intact tissue and isolated cardiomyocytes. At the cardiomyocyte level, enhanced Ca 2± removal contributed to faster re-lengthening. However, in the absence of preload increased titin stiffness likely also speeds relaxation, due to enhanced restoring force. 22 Such enhancement of diastolic function was not observed in loaded intact muscle strip experiments where the extracellular matrix was present; rather, relaxation was slowed in AB compared to sham. Thus, we propose that elevated tissue viscoelasticity in AB critically contributes not only to reduced late diastolic compliance, but also to slowing of early relaxation. Viscosity slows lengthening as there is increased resistance to rapid deformation, and elevated passive stiffness has previously been suggested to impair early relaxation. 45 In addition, and in line with previous findings in pressureoverload, 46 we observed a shift from the myosin heavy chain a isoform to the b isoform in AB (see Supplementary material online, Figure S3D) . The b isoform exhibits several times lower ATPase activity than the a isoform, 46 and the isoform shift in AB is thereby expected to slow twitch kinetics despite enhanced Ca 2± handling and unaltered Ca 2± sensitivity. Thus, our findings indicate that the effects of passive stiffening, in combination with a myosin heavy chain shift, can outweigh the benefits of enhanced diastolic Ca 2± handling.
It was beyond the scope of our study to investigate the driving mechanism for titin hypophosphorylation and collagen deposition. However, previous studies have indicated that the TGFb 47 and the calcineurin/ NFAT-signalling 48 pathways induce fibrosis following pressure-overload. Titin stiffening on the other hand appears to be additionally driven by metabolic risk factors, inflammation and oxidative stress. 5, 39 As HFpEF is a multifactorial condition involving both pressure-overload and metabolic derangements, it is not surprising that the first paper to investigate mechanisms of myocardial stiffening in human HFpEF reported both higher titin and collagen-mediated stiffness. 49 In conclusion, we have presently shown in a rat model that diastolic dysfunction associated with concentric hypertrophy following elevated afterload does not result from active myocardial stiffness. Rather, diastolic Ca 2þ homeostasis is compensated in cardiomyocytes, which is expected to counteract restriction of ventricular filling due to collagen deposition and titin stiffening. These data are expected to be transferable to comparable conditions of diastolic dysfunction without comorbidities, and contrast to the previously observed active stiffening in hypertrophy and HFpEF of other aetiologies. Our results therefore indicate that the mechanisms for diastolic dysfunction in ventricular hypertrophy may be aetiology-dependent.
